T
he challenge of maintaining a high level of adherence to antiretroviral therapy has been met, in part, by the development of fixed-dose-combination tablets suitable for once-daily dosing, such as tenofovir (TFV) disoproxil fumarate (DF)-emtricitabine (FTC)-efavirenz (EFV) tablets (Atripla; Gilead Sciences Ltd., London, United Kingdom] and tenofovir DF-emtricitabinerilpivirine (RPV) tablets (Eviplera [or Complera]; Gilead Sciences Ltd., London, United Kingdom, and Gilead Sciences Inc., Foster City, CA, USA). Eviplera, containing rilpivirine, a nonnucleoside reverse transcriptase inhibitor (NNRTI), and tenofovir DF and emtricitabine (a nucleotide reverse transcriptase inhibitor and a nucleoside reverse transcriptase inhibitor, respectively), is approved in Europe for treatment of HIV-infected adults without NNRTI-associated resistance mutations or mutations associated with tenofovir or emtricitabine resistance and with viral loads of Յ100,000 copies/ml (1) . It has been approved in the United States for therapy-naive adults with a viral load of Յ100,000 copies/ml and for switching treatments of virologically suppressed patients (viral load of Ͻ50 copies/ml) under certain conditions (2) . Moreover, encouraging therapeutic outcomes and improved lipid profiles have been observed in switching suppressed patients to tenofovir DF-emtricitabine-rilpivirine from tenofovir DF-emtricitabine-efavirenz or raltegravirbased regimens (3) .
Despite the inroads made into improving patient adherence to therapy, delays in drug intake or missed doses can occur as a result of individual circumstances, e.g., busy lifestyle or personal problems, risking viral rebound and resistance emergence. Key pharmacokinetic (PK) characteristics, such as a prolonged elimination half-life, are likely to be more forgiving of late or missed doses; however, PK data under these conditions are lacking, particularly for coformulated regimens. Although patients are instructed to maintain a high level of adherence, information regarding drug persistence in plasma and cells following treatment interruption could potentially improve management of late or missed doses.
Data describing persistence of drugs within plasma, cells, and other physiological compartments are also essential for HIV prevention strategies such as preexposure prophylaxis (PrEP), determining which drugs may have suitable PK properties. Coformulated tenofovir DF-emtricitabine (Truvada; Gilead Sciences Ltd., London, United Kingdom) was approved by the U.S. Food and Drug Administration in 2012 for use as PrEP in high-risk individuals and in those engaging in sexual activity with HIV-infected partners (4) . An intramuscularly administered, long-acting formulation of rilpivirine is also under investigation as a PrEP agent (5) .
Tenofovir (administered as tenofovir DF and rapidly converted by esterases following absorption to tenofovir) and emtricitabine are prodrugs that require intracellular (IC) phosphorylation to their active anabolites. While tenofovir is a monophosphate analogue requiring two phosphorylation steps to form tenofovir diphosphate (TFV-DP), emtricitabine triphosphate (FTC-TP) is formed by three endogenous enzymatic steps (6) . Concentrations of parent compounds in plasma and of TFV-DP and FTC-TP within peripheral blood mononuclear cells (PMBC) have been reported in combination with efavirenz (Atripla) over 9.5 days after stopping therapy in healthy volunteers (7); however, their PK profiles coformulated with rilpivirine after stopping medication have not been evaluated. Moreover, rilpivirine plasma PK and terminal half-life after drug cessation have not been previously investigated.
The primary aim of this study was to evaluate plasma PK of tenofovir, emtricitabine, and rilpivirine and IC PK of TFV-DP and FTC-TP in healthy, HIV-negative volunteers over 9 days following drug intake cessation.
MATERIALS AND METHODS
Study population. Males or nonlactating, nonpregnant females aged 18 to 65 years with a body mass index (BMI) of 18 to 35 kg/m 2 who provided written informed consent were eligible for enrollment. Exclusion criteria included the presence of any significant acute or chronic medical illness; a positive screen result for hepatitis B virus, hepatitis C virus, or HIV; evidence of organ dysfunction or abnormal physical examination results; abnormalities in vital signs or electrocardiogram (ECG) or clinical laboratory parameters; current or recent (within 3 months) gastrointestinal disease; clinically relevant alcohol or drug use (including positive urine drug screen results) or comparable activities considered by the investigator to affect compliance with trial procedures; exposure to any investigational drug or placebo within 3 months of administration of the first dose of the study drug; use of any other drugs, including over-the-counter medications and herbal preparations within 2 weeks of administration of the first dose of the study drug; known allergy to any constituents of the study drug; or (for females of childbearing potential) nonuse of effective nonhormonal birth control methods.
Study design. This was a 23-day (excluding screening and follow-up), open-label, single-treatment-arm, PK study, carried out at the PK Unit of St Stephen's Centre, Chelsea & Westminster Foundation Trust (London, United Kingdom). The study was reviewed and approved by the National Research Ethics Service (NRES Chelsea, London, United Kingdom).
Routine laboratory tests were performed at screening, and drug safety and tolerability were assessed throughout the study period according to the NIAID Division of AIDS grading scale for adverse events (from grade 1 [mild] to grade 4 [life-threatening]) in addition to monitoring of vital signs, physical examinations, and clinical laboratory investigations.
Following a 10-h overnight fast on study day 1 (baseline visit), participants were administered tenofovir DF-emtricitabine-rilpivirine (245/ 200/25 mg) with a 533-kcal breakfast. All participants continued tenofovir DF-emtricitabine-rilpivirine once daily at home, and adherence was monitored by questionnaire and pill counting. On day 14, individuals were admitted to the research unit and blood collection for drug quantification commenced immediately before (within 10 min) administration of the final tenofovir DF-emtricitabine-rilpivirine dose (predose, 0 h). Samples were drawn at 2, 4, 8, and 12 h after stopping the drug intake. Subjects were discharged thereafter, returning to provide 24-, 36-, 48-, 60-, 72-, 96-, 120-, 144-, 168-, 192-, and 216-h samples. All visits to the unit included documentation of concomitant medications and adverse events. A final follow-up visit between days 30 and 36 was used to review adverse events, vital signs, and clinical laboratory assessments.
Analytical methods. (i) Plasma collection for tenofovir, emtricitabine, and rilpivirine quantification. Blood was collected into lithium heparin Vacutainer blood collection tubes which were immediately inverted several times, placed in a light-protective container, and kept on ice or refrigerated until centrifugation. Samples were centrifuged (10 min, 1,200 ϫ g, 4°C) within 30 min of collection, and plasma was stored in light-protective amber-colored tubes (at Ϫ20°C) prior to shipping on dry ice to the Good Clinical Laboratory Practice (GCLP)-accredited Liverpool Bioanalytical Facility (Liverpool, United Kingdom) for analysis.
(ii) PBMC isolation for TFV-DP and FTC-TP quantification. PBMCs were obtained as previously described (7) . There was a technical issue encountered in generating the cell counts which meant that IC TFV-DP and FTC-TP data could not be determined by bioanalytical methods.
(iii) Quantification of tenofovir and emtricitabine and rilpivirine in plasma. Plasma tenofovir, emtricitabine, and rilpivirine concentrations were determined using fully validated liquid chromatography-tandem mass spectrometry (LC-MS/MS) methods (7, 8) . The lower limit of quantification (LLQ) was 0.5 ng/ml, and assay precision was Ͻ15% for all three drugs.
(iv) Modeling and prediction of TFV-DP and FTC-TP concentrations in peripheral blood mononuclear cells. Modeling of plasma tenofovir and emtricitabine linked to their IC anabolites (TFV-DP and FTC-TP) using various approaches has been previously described (9) (10) (11) . This methodology was explored to allow prediction of TFV-DP and FTC-TP concentrations, up to 168 h (7 days) following drug cessation, from plasma data.
Separate models were developed for tenofovir and emtricitabine using nonlinear mixed-effects modeling (NONMEM v. 7.2; Icon Development Solutions, Ellicott City, MD, USA) (12), and initial parameter estimates for plasma data were taken from the literature (9, 13).
Plasma tenofovir and emtricitabine and time-matched TFV-DP and FTC-TP concentrations from a previous study investigating tenofovir, emtricitabine, and efavirenz (Atripla) PK following drug cessation in healthy volunteers (EFV study) (7) were used as prior information to describe the relationship between plasma and IC anabolite concentrations. All data from both studies were modeled simultaneously. Plasma and IC concentrations between 0 and 156 h (6.5 days) for the EFV study and plasma concentrations between 0 and 168 h (7 days) for the present study were included, as this provided the majority of samples with concentrations above the assay LLQ. Samples with concentrations less than the LLQ between 0 and 156 h and between 0 and 168 h were excluded from the modeling process.
The influences of covariates, including age, weight, BMI, serum creatinine level, creatinine clearance (CrCL; calculated using the Chronic Kidney Disease Epidemiology Collaboration [CKD-EPI] formula [14] ), sex, ethnicity, and food intake (drug intake under fasted versus fed conditions), on plasma tenofovir and emtricitabine PK were investigated. To accept a model with one extra parameter, a decrease in the minimal objective function value (OFV) of at least 3.84 units was required (P ϭ 0.05; 2 distribution; 1 degree of freedom [df]). A backward-elimination step was performed once significant covariates were included; biologically plausible covariates producing an increase in the OFV (Ͼ6.64 units, P ϭ 0.01, 2 distribution, 1 df) upon removal were retained. To evaluate the models, 90% prediction intervals (P5 to P95) using final parameter estimates were generated from 1,000 simulated individuals with the same distribution of covariates as the original data set, and the observed data were superimposed. At least 90% of observed data being within the prediction interval was representative of an adequate model.
Final model parameters were used to predict IC TFV-DP and FTC-TP concentration-time profiles between 0 and 168 h for the present study. Plasma PK parameters were fixed to individual Bayesian estimates for the present study, and population parameters obtained for the relationship between drug in plasma and IC anabolites were used as prior information. Predictions were made utilizing the $SIMULATION option of NONMEM.
(v) Statistical analysis. This was an exploratory study, and no formal sample size calculation was performed. It was estimated that a total of 16 subjects completing the study would be sufficient to allow relevant conclusions.
Area under the concentration-time curve from 0 to 24 h postdose (AUC 0 -24 ) and from h 0 to the last measureable time point within 216 h (AUC 0 -last ), the maximum concentration (C max ), and the concentration 24 h postdose (C 24 ) were calculated for plasma tenofovir, emtricitabine, and rilpivirine using noncompartmental methods (WinNonlin Phoenix v. 6.3; Pharsight Corporation, Mountain View, CA, USA). Terminal elimination half-life was determined to the last measureable time point within 216 h. AUC 0 -24 , AUC 0 -168 , C max , and C 24 were calculated as outlined above for TFV-DP and FTC-TP using model-predicted concentrations. Terminal elimination half-life was calculated using the following formula: ln(2)/ k 40 (k 40 , rate constant for loss or elimination of TFV-DP or FTC-TP; see Fig. S1 in the supplemental material).
Pharmacokinetic parameters were summarized as geometric means (90% confidence interval [CI]), and interindividual variability was expressed as percent coefficient of variation (CV%) using the following equation: CV% ϭ (standard deviation/mean) ϫ 100. 2 (78 to 146), respectively. Participants described themselves as Caucasian (n ϭ 10), black Caribbean (n ϭ 2), black African (n ϭ 2), Asian (n ϭ 1), Hispanic (n ϭ 1), or mixed ethnicity (n ϭ 2). The study drug was well tolerated, and no grade 3 or 4 adverse events were reported.
RESULTS

Study
Plasma tenofovir, emtricitabine, and rilpivirine pharmacokinetics. Of 288 samples, 20 (7%; 120 to 216 h), 5 (2%; 168 to 216 h), and 1 (0.3%; 192 h) were below the LLQ for tenofovir, emtricitabine, and rilpivirine, respectively. Nine, 15, and 17 individuals had quantifiable tenofovir, emtricitabine, and rilpivirine concentrations at all sampling time points between 0 and 216 h after stopping drug intake.
Geometric mean plasma concentrations over time for tenofovir, emtricitabine, and rilpivirine are shown in Fig. 1 , and PK parameters are summarized in Table 1 . The rilpivirine geometric mean (90% CI) C 216 was 4.53 ng/ml (4.22 to 6.15). A therapeutic cutoff has not been defined for rilpivirine, but 50 ng/ml has been suggested based on unpublished data (5). At 24 and 36 h (representing a 12-h-delayed dose), 2/18 (11%) and 6/18 (33%) of the participants had concentrations below 50 ng/ml; 7/18 (39%) and 11/18 (61%) of the participants had concentrations that were below this value 48 h and 72 h after stopping drug intake. Prediction of intracellular tenofovir diphosphate and emtricitabine triphosphate concentrations. Sixteen healthy volunteers (5 female; n ϭ 11 Caucasian, n ϭ 2 black African, n ϭ 2 mixed ethnicity, n ϭ 1 Asian) from the EFV study were included. Median (range) age, weight, BMI, serum creatinine level, and CrCL were 32 years (21 to 57), 81 kg (54 to 109), 27 kg/m 2 (21 to 35), 81 mol/liter (60 to 112), and 102 ml/min/1.73 m 2 (72 to 126), respectively. Of 206 and 207 evaluable plasma and intracellular samples, the EFV study (7) contributed 203 and 206 plasma tenofovir and emtricitabine concentrations (ϽLLQ, n ϭ 3, n ϭ 0, respectively) and 183 and 207 TFV-DP and FTC-TP concentrations (ϽLLQ, n ϭ 24, n ϭ 0, respectively). The present study contributed 245 (n ϭ 6 ϽLLQ) and 250 (n ϭ 1 ϽLLQ) plasma tenofovir and emtricitabine concentrations to the models.
A diagrammatic summary of the model structure used for both drugs is shown (see Fig. S1 in the supplemental material). Plasma tenofovir and emtricitabine were best described by a two-compartment oral model, parameterized by apparent oral clearance (CL/F), apparent volume of the central compartment (V c /F) and apparent volume of the peripheral compartment (V p /F), intercompartmental clearance (Q/F), and absorption rate constant (k a ). Due to lack of information in the absorption phase, k a values for both drugs were fixed to literature values (1.05 h Ϫ1 and 0.53 h Ϫ1 for tenofovir and emtricitabine, respectively) (9, 13). Residual variability was described by a proportional-error model, and inclusion of interindividual variability (IIV) on CL/F and V p /F was supported for tenofovir and on CL/F, V c /F, and V p /F for emtricitabine. TFV-DP and FTC-TP from the EFV study were described by first-order rate constants, namely, k 24 (uptake and conversion to the phosphorylated form) and k 40 (loss of anabolite). IIV was included in k 24 determinations, and a proportional-error model described residual variability.
Inclusion of a food (or partner drug) effect on relative bioavailability (F1) significantly improved the fit for tenofovir but not for emtricitabine. F1 was fixed to a value of 1 (i.e., 100%) for the fasted state (or with efavirenz) and increased by 33% with food (or with rilpivirine; see Table S2 in the supplemental material). Inclusion of weight on the clearance and volume parameters using allometric scaling significantly improved the tenofovir model, as did addition of CrCL (linear function) on tenofovir CL/F determinations. CrCL was significantly associated with emtricitabine CL/F (linear function).
Population parameters from the final models are presented in Table S2 in the supplemental material. Diagnostic plots suggested that both models adequately described the data and were confirmed by the visual predictive checks with 90% and 92% of observed plasma tenofovir and TFV-DP concentrations, respectively, within the 90% prediction interval and with 92% and 94% of plasma emtricitabine and FTC-TP concentrations, respectively, within the prediction interval (see Fig. S3 ).
Intracellular tenofovir diphosphate and emtricitabine triphosphate pharmacokinetics. Geometric mean predicted TFV-DP and FTC-TP concentrations over 168 h are illustrated (Fig. 2) , and PK parameters are shown (Table 2 ). Model-derived terminal elimination half-lives (0 to 168 h) for TFV-DP and FTC-TP were 116 (4.8 days) and 37 h (1.5 days), respectively.
IC TFV-DP and FTC-TP target concentrations for HIV suppression are not known; however, HIV prevention targets have been determined using PK data from the Pre-Exposure Prophylaxis Initiative (iPrEx) trial. Ninety percent risk reduction was associated with concentrations of 16 fmol/10 6 and 3.7 pmol/10 6 viable cells for TFV-DP and FTC-TP, respectively (15) . At 24, 36, 48, and 72 h after stopping drug intake, predicted TFV-DP concentrations were Ͻ16 fmol/10 6 cells in 6%, 0%, 1%, and 22% of individuals, respectively, while predicted FTC-TP levels were be- 
DISCUSSION
Concentrations in plasma of tenofovir, emtricitabine, and, for the first time, rilpivirine have been demonstrated over 9 days (216 h) after stopping tenofovir DF-emtricitabine-rilpivirine intake in healthy, HIV-negative adults. Predictions of IC TFV-DP and FTC-TP concentrations from plasma data were also achieved utilizing modeling and simulation and prior information from a previous, similar study (7) .
A therapeutic cutoff for sustained viral suppression has not been defined for rilpivirine, but 50 ng/ml has been suggested based on an unpublished analysis of phase III trials in which 50 ng/ml was the upper limit of the lowest quartile of the trough concentrations in which the virological response was lowest (5). Eleven percent, 33%, and 39% of individuals had concentrations below this threshold value 24, 36, and 48 h after stopping drug intake, respectively. However, these data should be interpreted with caution given that 50 ng/ml is not a validated target concentration. The long elimination half-lives of 35 h (0 to 24) and 47 h (0 to 216) determined as part of this study are consistent with that previously reported for rilpivirine (45 h [16, 17] ). The data presented indicate that rilpivirine exhibits PK properties that may allow forgiveness for delayed dosing in some patients; however, individuals should be instructed to adhere to licensed-dosing guidelines.
The tenofovir plasma exposure in the present study was higher than that obtained by Jackson et al. in healthy volunteers stopping therapy (AUC 0 -last , 4,249 versus 2,895 ng · h/ml [7] ) and was highlighted during the modeling process. The two studies were conducted at the same research unit, and the bioanalyses occurred at the same laboratory. However, the NNRTIs used in the fixeddose combinations were different in the two studies (efavirenz versus rilpivirine), as were the food intake conditions. The EFV study was conducted under fasting conditions (2 h prior and after drug intake); however, rilpivirine must be administered with food in order to achieve optimal absorption. Tenofovir exposure, as a component of a tenofovir DF-emtricitabine-rilpivirine fixed-dose combination, has been shown to increase by 38% following a standard meal (540 kcal) (1) . A non-clinically relevant increase in plasma tenofovir of 24% has also been reported upon coadministration with rilpivirine, potentially through mild inhibition of the renal transmembrane transporters responsible for tenofovir renal elimination (18) . However, an interaction has not been observed during coadministration with efavirenz (19) . Inclusion of a food effect on F1 (relative bioavailability) improved the tenofovir model, resulting in an F1 value that was 33% higher for the present study than for the EFV study. This could also be attributed to the interaction with rilpivirine or to a combination of a food effect with a partner drug effect. Emtricitabine PK parameters were within the ranges previously reported and are known to be unaffected by food intake or coadministration with rilpivirine (1, 7). Terminal elimination half-lives to the last measureable time point within 216 h for both nucleosides were considerably longer than those seen over 0 to 24 h (for tenofovir, 31 versus 13 h; for emtricitabine, 41 versus 6 h) and were also in agreement with values from the earlier study (7) .
Due to issues with PBMC cell counts, TFV-DP and FTC-TP could not be directly quantified; however, a modeling approach was explored using the observed plasma tenofovir and emtricitabine concentrations and data from another study as prior information. The model was relatively simplistic, using an effect compartment for TFV-DP or FTC-TP linked to the plasma compartment by a rate constant (k 24 ) describing a number of processes, including the uptake and metabolism of tenofovir and emtricitabine. Given that tenofovir monophosphate and emtricitabine diphosphate concentrations were not measured, this helped limit problems with identifiability of model parameters. A similar model structure has recently been used to describe tenofovir and TFV-DP concentrations in healthy female volunteers (20) . An indirect-response model has previously been used to describe plasma tenofovir and IC TFV-DP concentrations in HIV patients (9) ; however, this model was not supported by our data. A simulation study reported by Madrasi et al. investigated a mechanistic model for tenofovir, focusing more specifically on describing saturable uptake and metabolism in PBMCs using literature values (11) . Despite the simplistic nature of the model used for the current analysis, it performed well for both drugs, and the parameters generally agreed with the literature but could be updated if further data became available (9, 13, 21) .
The parameters describing the IC anabolites (k 24 , k 40 , variability in k 24 ) were estimated using data generated from a previous study (7) but also incorporated the individual predicted plasma PK parameters determined for the present study. The plasma PK parameters drive the prediction of TFV-DP and FTC-TP in the model. Therefore, the predicted TFV-DP PK parameters were slightly higher than those reported by Jackson et al. (7) because the plasma tenofovir concentrations were also higher. Unsurprisingly, given the agreement in plasma PK parameters, the FTC-TP parameters were similar between studies. A limitation of the modeling is that external data sets are required to further evaluate the models; however, it is noteworthy that the TFV-DP and FTC-TP predictions are within the ranges previously reported, including the PrEP population for TFV-DP (15, 20, 22) .
Evaluation of antiretroviral PK forgiveness and persistence within physiological compartments is also important for methods of HIV prevention, such as PrEP. Favorable PK characteristics, including prolonged elimination half-lives, are beneficial for PrEP agents, allowing once-daily or less-frequent dosing in order to aid adherence. Based on outcomes reported from the iPrEx and Partners PrEP trials, the use of tenofovir-emtricitabine (Truvada) has been approved as a PrEP regimen in the United States (23, 24) . A long-acting, parenteral formulation of rilpivirine is under development, and investigations to determine its suitability as a PrEP compound have begun. Single-dose rilpivirine PK in plasma and in genital tracts of males (600 mg) and females (300, 600, and 1,200 mg) was assessed, and the drug was shown to persist for up to 84 days. The effect of rilpivirine concentrations in female genital tract fluid on HIV replication was also explored ex vivo (5) . Studies to further evaluate long-acting rilpivirine as PrEP are planned (ClinicalTrials.gov identifier NCT02165202 [25] ) or ongoing (ClinicalTrials.gov identifier NCT01656018 [26, 27] ). Furthermore, a rilpivirine oral formulation (with or without tenofovir and emtricitabine) may be used in the context of PrEP for short periods of time (e.g., as an oral lead in dose for safety reasons or as an alternative to long-acting PrEP); therefore, knowledge of drug exposures after stopping drug intake and PK forgiveness may help in planning for this eventuality.
Interpretations of these data are limited by the lack of knowledge of the fully validated target concentrations at which virolog-ical suppression (or prevention) occurs for rilpivirine and IC TFV-DP and FTC-TP. Therefore, information on the time at which virological control could be lost (or transmission occurs) or how long a dose could be delayed was not attainable. Using PK data from the iPrEx study, an IC TFV-DP concentration of 16 fmol/10 6 viable cells was associated with 90% HIV risk reduction (15) . This target was also applied to data obtained from the CellPrEP study which investigated the achievement and maintenance of protective concentrations of tenofovir-emtricitabine in uninfected men who have sex with men. After stopping drug intake at day 30, the samples from 80% and 48% of individuals were above this concentration at 2 and 7 days post-drug cessation, respectively (28) . In comparison, predicted TFV-DP concentrations from the present study were Ն16 fmol/10 6 cells in 94% and 72% of volunteers at 2 and 7 days after stopping drug intake.
As this study evaluated drug PK after stopping treatment, it could not be conducted in HIV-infected patients and assessment of viral load after treatment interruption could not be performed. Translation from the present findings requires further study in patient populations where pharmacodynamic endpoints can be investigated given that PK parameters in HIV-infected and healthy individuals may differ (17) . Still, this report contributes significantly to our understanding of the drug behavior that occurs when therapy is stopped, and the long elimination half-lives determined for all three drugs are encouraging.
Adherence to antiretroviral therapy should be promoted in order to maintain optimal virological control; however, the persisting plasma PK of tenofovir, emtricitabine, and rilpivirine and IC TFV-DP and FTC-TP demonstrated by this study may provide a potentially forgiving, coformulated regimen for individuals that may miss or delay an occasional dose, as well as a prospective PrEP candidate.
